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I ABSTRACT 

The velocity, attenuation, and fhquency of'moving stri- 

ations in the p o s i t i v e  c o l m  of a hot cathode glow discharge 

are determined experimentally. Plasma-acoustic wave disperslm 

Ela t ions  which would be appropfiate for explaining these stri- 

atims by means of a linear fluid model an? derived. 

properties of various large amplitude waves predicted by non- 

linear fluid models am discussed. A canparism of the stri- 

ations' behavior and the plasma-acoustic wave theories deman- 

strates that the fkquently a s s e d  relationship between these 

two phenunena does not exist. 

?he 

?he experiments we= performed i n  an argon discharge at 

pllessms fran 20 t o  480 mtorr, and with discharge current 

densities cm the order of 25 ma/cm2, Typical electron den- 

sities and temperatums wen? 2 x 1010cm3 and 2 x lo4  OK. The 

velocity of the striations varied fran 2.1 x lo5  to 1,3 x l o4  
cm/sec,, WNle the k.equency varied from 6 x lo2  t o  2,3 x l o4  
cycles per second, 
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CHAPTER I 

INTIIOWCTION 

Striations - altemate regians of increased and diminished 

light Intensity in the positive c o l m  of low pressure gaseous 

discharges-were seen as early a s  1843. Although the expe- 

b e n t s  of many investigators since that time have contrlbuted 

t o  the qualitative understanding of this phenaolenon, cmly a 

relatively modest amount of significant quantitative data has 

been accumulated. With me recent exception, attempts t o  

explain the origin and propagation of the striati- theoret- 

ical ly  have mt with extremly limited successo ?he core of 

the problem has always been the difficulty i n  devising a theory 

which is uncanplicated enough t o  c c m p m  with experinrental work 

and yet contains a l l  of the pertinent parameters of a gaseous 

discharge, 

continues t o  a t t ract  many plasma physicists. 

Despite these inherent dffficult ies,  the field 

It is the purpose of this paper t o  present tk msults of 

observations made on self-propagating dfsturbances in a gas 

discharge tube aperatfig a t  p ~ s s u r e s  between ,02 and ,5 torr ,  

a range of pressure me t o  two orders of magnitude lower than 

that  used for  most previously =ported s t r ia t ion experiments, 

1 
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We Will first show that at these lower pressures the striatlans 

behave similarly t o  those observed at W r  pressms, and then 

demonstrate that neither a lfnear nor a ncn-llnear theory of 

plasma-accustic waves can adequately describe the prcpagatlm 

of the striatfcP?s, 

A brief survey will f imt  be made of previous experimental 

and theoretical results with emphasis on work related t o  strf- 

ations of the type w h i c h  move through the positive column f r a n  

the anode taward the cathode, 

&E of the most persistent theories relates the s t r la t lans  

t o  the lmgltudlnal ion waves whfch w e r e  described by T& and 

bngmuir i n  l92g0 8,7814 ~ccording t o  this explanation, the 

bright regions of the discharge cornspond t o  density maximm 

In a propagating wave, o r  nodes In a standing wave. 

standing wave would be ccmposed of a wave  traveling frcm anode 

t o  cathode, plus a wave reflected f'ran the negative end of the 

positive c o l m ,  

cause the nodes t o  t ravel  away flvxn the anode, Fmler suggested 

that this type of wave could grow in a nm-linear fashion and 

b e c m  a shock wave of "moderate s t ~ n g t h " ~  the striations then 

appearing at the pos i t im of the shock front,* If the ion wave 

In t e rpE ta t im  is cormct, then the wave could be f i f t fa ted  by 

The 

Appropriate phase shift upm reflecticn could 
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instabilities in the colurm or at its boundaries, 

Another approach using a wave mdel is that of Robertson 4 

and Oleson and WatanabeO5 Using a theory in  w h i c h  the icnizatim 

and excitation processes are explicitly included i n  the ini t ia l  

equations, they find that wavelike solutions am? possible, 

parameters of these theorles are very canplicated, and usable 

dispersion mlatfms can only be found fo r  the most simplified 

czseso 

the positive c o l m  since it is intimately related t o  the phy- 

?he 

This t y ~ e  of wave cod6 be generated spontaneously in 

s i c a l  processes responsible for mafntaining the discharge, 

Other explanatims the striations t o  originate at 

the cathode, anode, and/or Faraday dark space.lo3 None of these 

explanations provide a mathematical description of how the dis- 

turbance would t ravel  through the positive colurm, but they each 

appear t o  be qualitatively consistent with at least one series 

of experiments, 

?"ne most recent mathematical theory of striations, that 

of Pekarek; seems t o  agree quite w e l l  with experiments made 

under particular conditions, A t  pl.essms an the order of 1 

torr, and higher, a discharge can be made we of striatfans by 

passing a current through it which is above the "crftical"c- 

m n t  Pekarek ffnds that applying an impulse disturbance t o  
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such a plasma creates "waves of stratif ication" which move to- 

w a r d  the anode with a phase velocity considerably water  than 

the s t r ia t ion  velocity. The striatim then appears as a wave 

packet composed of waves of stratificatim, Because the group 

velocity of the wave packet is dixected apposite t o  the phase 

velocity of the s t r a t i f i c a t i m  waves the packet moves away f M n  

the anode,, The basic physical mechanism here i s  the prupagation 

of a wave of i d z a t i m  through the plasma, locally enhancing 

the plasma density and changing the local e lec t r ic  field 

strength. 

linear theory, and can only be demonstrated experimentally when 

the conditions an? such as t o  p=vent ngl-linear behavior, i.e., 

It is interesting t o  note that this theory is a 

aperation with c m t s  greater than the c r i t i c a l  current. 

Two of the most m u e n t l y  r e femced  post-1945 experiments 

am those of Emeleus, Amstrong, and N e i l l , 7  and Donah= and 

Mek,'  The experiment of Eheleus et.al, was one of the few 

where the pressun? was below 1 tor r ,  Using a hot cathode mercury 

vapor discharge at a p r e s s m  of lom3 torr., they observed mom 

striat ions by means of a w i ~  grid and probes placed in  the 

plasma. Their results we= mainly qualitative but it is evi- 

dent that they ccnsidered the striatiam t o  be related t o  long- 

i tudinal  ion waves. The observatim of large amplitudes with 

no apparent attenuation over the length of the tube caused them 
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t o  question whether a linear theory could accurately descrlbe 

the striations,  ?hey also tried t o  excite icpl waves by applying 

a square wave voltage t o  the grld i n  the plasma, No waves were 

detected and they concluded t h a t  their  system could not have 

detected waves of small amplitude because of the large anpll-  

tude noise which w a s  present. 

Donahue and MekeOs most ccorplete set of data was obtained 

*%* &.E &qpr: dtscll"lw zt a p E s S i i . l  of 12 tcm, A p h o t m i t i -  

plier tube monitored the light in tens i ty  at a point in  the as- 

charge, and the output of the P.M. tube was displayed an an 

oscilloscope. Although the a-c component of the cumwlt i n  the 

external circuit w a s  small campared t o  the total c m n t  through 

the discharge, the photomultiplier showed that the light in t ens i ty  

of the discharge w a s  being modulated by as  much as 100%. 

found that several modes of oscillation were possible for  a 

given press=, and that these modes were determined by cmdi- 

tions within the discharge tube. While i n  a given mode ,  a 

decmase in c u m t  caused non-linear inclleases in the voltage 

across the tube and i n  the fxtquency of the striatlcns. 

did not derive an algebraic relationship between voltage o r  

frequency and curmnt. 

flum the negative glow t o  the anode. These "negative" strl- 

atians had velocities on the order of los  cm/sec., while the 

It was 

They 

Striations were also found moving 
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velocity of the "positive" striations varied between 3 x l o 3  
d s e c .  and 305 x l o4  cm/sec. As a negative s t r ia t ion  passed 

thraugh a positive striation, both slowed down and produced 

a region of enhanced light intensity. The velocities and 

positions of s t r ia t ions under various cmditians were shown 

graphically, but were not woven in to  a general quantitative 

theory. 

A f t e r  using snear photegmphy to  &sem strlatims Mth 

velocities on the order of lo4  adsec.  and frequencies of a 

f e w  kilocycles/sec. i n  mon at 4 torr., Fmeleus, Coulter and 

C-2 =ported that their photographs suggested a n m - m a r  

wave traveling from the  anode and being reflected at the nega- 

t i ve  end of the positive coluun; however, no quantitative 

analysis was given. 

Coulterl0 later used smear photography t o  observe similar 

striations in  a cold cathode neon discharge at pl.essms f r a n  

2 t o  60 torr. His results indicated that for  this range of 

pressures the s t r ia t ion  velocity was given by V = canst. p -1/2 

It was also stated that the velocity w a s  rather insensitive t o  

the magnitude of the current, although the data indicated a 

tllend fo r  the velocity t o  increase as the c m n t  was increased; 

the trend becoming more pmounced as the pressure was reduced. 
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Negative striations were observed only near the Faraday dark 

space . 
An increase i n  the e l e c t m  density i n  the striation was 

measured by Scdansky, using micmwave techniques.” In a neon 

discharge at a pressure of 0-5 torr., he found that the region 

between striations had an electron density CPI the order of 

1Olo m3, while i n  the s t r ia t ion the density was about five 

times greater. ?he light intensity was greatest at the cathode 

side of the high dens i ty  region. 

was on the order of io5 d s e c .  

The velocity of the striati- 

The approximate operating conditicvls for  the pmceeding 

experiments are sumarized i n  Figure (1-11, and their main 

features can be summarized as follows: 

1. Coulter finds that the velocity of the s t r ia t ions 

i n  neon is given by V = C o n s t ,  p 

Striaticns in the ram gases are usually seen t o  

travel away fran the anode. 

3. Although the velocity of the striaticns is not 

sensitive t o  the discharge current, a trend fo r  

the velocity t o  increase with increasing current 

is seen as  the pressure i s  reduced, 

For a given pressure, and a given mode of oscill- 

ation, the frequency of oscil latian increases 

-l/2 . 
2. 

4, 
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nm-llnearly With decreasing discharge current. 

5. The Ught intensity can be strmgly modulated, 

even i f  the current variations am small. 

The velocity and frequency am determined prin- 

cipally by cmditlons inside the discharge tube. 

6 .  

Many more  references t o  experiments and the04  can be 

found in  the article by Francis i n  Reference (U), and the 

review a r t i c l e  by Rneleus i n  Reference (13). 

Chapter 2 of this paper discusses the theories of plasma- 

acoustic wave propagation wfiich we w i l l  canpare t o  experimental 

results. In Qlapter 3 the experimental equipment and its ope- 

ation az% described. 

specific masuremats and the results of these measuremnts. 

The ccpnparisan between these llesults and the theories of 

Chapter 2 are made in Chapter 5. 

conclusicns of this paper and suggests future Work. 

Chapter 4 contains a description of 

Chapter 6 sumnarizes the 
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THE THEORIES OF LJNEAR PLASMA WAVES, FTNITE SOUND WAVES, 

AND SHOCK WAVES 

cHAE*fER I1 

2.1 Introduction 

Since the purpose of thls paper is t o  examine the question 

of whether movlng striatims can be explained In terms of plasma- 

acoustic waves, we will first  consider the requimnents of 

specific Unear and nm-llnear wave theories whlch will be of 

use t o  us in subsequent chapters. It is appropriate for  us to 

consider a llnear theory for  this reason; although various in- 

vestigators, (usually upcm observlng large amplitude variations 

of discharge tube parameters in the pmsence of s t r ia t ions) ,  

have questioned the  applicability of llnear theory, it seems 

that a systematic attempt t o  recmcile striatim experiments 

t o  linear plasma wave theory has not appeared In the literature. 

Fbrthermom, it will be shown later in thls paper that  one of 

the most obvious discrepancies between the behavior of exper- 

imentally observed s t r ia t ions and linear theory is not resolved 

by the adoption of a non-linear theory. 

Details of the linear theory discussed in  thls chapter 

are presented In the Appendix, 

10 
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2.2 Linear Plasma-Acoustic Waves fran the Three-Fluid Model 

It has been shown by Tanenbarn and Meskan (Reference 19) 

that for a partly ionized gas whose part ic le  densities and 

tenperatures lie In the ranges 

2-1) 10” Nn 10l6 mo3 

2-2) lo9 N 1014 m - 3  
e Di 

2-31 

2-4) 

T 10% 
i ,n 

(where the subscripts e, I, n denote electrons, iom, and neutral 

a tam)  the dispersion relation for the propagation of the lor@- 

tudinal plane plasma wave kn- a s  the ion-acoustic wave is given 

by 

2-5 1 

v v’w2 e e u2 e 

u2 u3 
1 = -+  i(r - -) 

I 



I2 e -  In this paper we w i l l  ccmider w t o  be a real quant i ty  and 

k a canplex quantity. The phase velocity i s  then given by 

and the attenuation factor by a = Im k. Letting 

the subscripts a, B, 6, =fer t o  particles of the a, 8,  6 kind, 

the quantities in equatim (2-5) are defined as  follows: 

= * 

N e2 
plasma frequency ( for  a singly ionized 
g=) 

effective collision fhquency for qomentm 
transfer between a and 8 particles (a # 8 )  

2-8) va = vas + va6;  8 ,  6 # a; 8 # 6 

2-10) U a = [-] 1'2 adiabatic speed of sound i n  ath fluid 

*ere y = ra t io  of specific heats, ma =I mass of the ath particle,  

E: = e lec t r ica l  permitt ivity of f h e  space, and k = BoltPnannts 

constant. 
0 



I' 
I' 
I 
I 1 

I 

13 

an unbounded medium, no externally generated magnetic f ield 

perpendicular t o  the direction of wave propagation, a fixed 

percentage of icnizaticn, flulds obeying the ideal gas law 

and an adiabatic energy equation, and variables of the form 

usually assumd fo r  a linear theory, 

When the neutral density is rmch greater than the ion dens i ty  

so that 

2-12) Nn Tn "Ne Te , 

as it is for  a l l  of the experiments t o  be discussed i n  this 

paper, equatim (2-5) is valid for a l l  frequencies whem 

me 
2-13) P > v ( V  (-1 1 n in  + 'en m i 

except those frequencies which am very close to the plasma 

equenc ie s ,  These special flequencies wi l l  not be of internst  

t o  us since our expe-nt i s  performed at frequencies whew 
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C 

I 

If 

i 2-14) V '  << w w 

Y k T  1 
whem U = (2) '2 is the plasma sound speed with Te >> Ti. 

P mi 

The Imaginary part of k, which  is independent of W, is 

small according t o  equation (2-15); therefom this dispersion 

E l a t i o n  represents a wave traveling with sllgbt attenuation per 

wavelength and with the phase velocity 

= u  2-16) VpH = h~ w 

TNs is the ion-acoustic wave which has been observed by 

several researchers. 16,17 ?he ions and electrons participate 

i n  this wave with very l i t t le  coupling t o  the neutral atoms 

through collisions. 
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An ordinary neutral sound wave can also propagate with 

small attenuaticn i n  this fkequency range. ?he dispersian 

elaticn for  such a wave is 

n '  2-17) k2U; = to2 + ~ W U  

(A thi rd wave solution, k2Ui = to2 - to: + itov 

in this range, but is not of interest t o  us because it is  

damped in extllemely short distances). 

is also valid 1' 

As the f'requency decreases and approaches vl, the phase 

velocity and the attenuation factor of the ion-acaustic wave 

described by equaticn (2-5) decrease. When the f h q m c y  is 

so low that 

m 

2-18) u2 << vn(vin + veri (q)) "'e 

the correct dispersion equation fo r  this wave becanes 

m 
2-19) k2Ui = iw(vI, + veri (8)) 

I 
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or 

P 

which is identical t o  the dispersion E l a t i o n  derived by Hatta 

and Satto i n  b femce  (18). 

Equation (2-20) shows that for this wave the damping 

length i s  inversely proportional to  the square root of the 

frequency and the phase velocity is d i E c t l y  proportional t o  

the square root of the frpquency, ?his is the only llnear 

plasma wave soluticn for which the phase velocity can be less 

than the adiabatic sound speed for the neutral fluid. 

In this same l i m i t  the neutral sound wave becanes a 

wave traveling with the sound speed for the t o t a l  fluid, 

The dispersion relatim for this wave is given by 
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2-22) k2U$ = u2 
- 2 

l + i  
- 

.cu$ - u;) 
P - u;: n 
'n 

when the ion temperatun? is nearly the same as the neutral 

temperatul.e, and Nn Tn >> N T 
e e' 

of magnitude as Ui and the damping of this wave is very 

small. ?he dispersion relation of equatim (2-22) then be- 

U,$ is of the same order 

comes 

ucu; - u y  
2-23) k UT ~ [ l  + I 1 v- n 20 - u;: 

"n 

W c h  shows that the phase velocity is UT and is  independent of 

mquency, but that the damping length is proportional t o  C2. 

2.3 Effect of Drift Velocities 

The preceeding dispersion relations were derived under the 

assmptim that nOne of the fluids had a drift velocity i n  ad- 

di t ion t o  the velocity due to  the wave motion. In the event 

that the ion and electron fluids a m  drif t ing,  with drift vel- 

oc i t ies  Voi and Voe (which are both a s s w d  t o  be much smaller 
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v m  
+ i en ( - I ( T ' r )  e ( P osit ive x d i m c t i m  ) 

P mi P 

than U ), the dispersian relaticn given by equatim (2-15) P 
becanes 24 

U P 

v m  
f 11 + i(- vin + 2 2  (e-,) f'2. 

w " k  w 

The positive sign in equation (2-24) is t o  be used for  the wave 

propagating i n  the positive x dimction, W r i t i n g  the dispersion 

re lat ian explicit ly for the waves traveling in  the two dimc- 

t ions we have 

me (-1 
w 'oi + 'oe mi vin 1 ] + i -  u ( 7 - r )  2-25) k+ [l - 

U P P P P 
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and 

(negative x dlrcectim), 

If Voe = Voi = 0, these two equatims =dum t o  equation 

(2-151, In the experiments t o  be discussed later, Voi is i n  the 

positive x direction and Voe is oppositely dinxted, while 
m 

If for  t h i s  case we write the phase velocities and dauping 

factors explicit ly we find 
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Thus in this approximatim the phase velocity of this wave 

is equal t o  the phase veloci ty  of the same wave in a staticnary 

f lu id  plus o r  minus the ion drift velocity, depending on whether 

the wave is traveling with o r  against the drift motion of the 

ions, 

The damping factors ~IX also mdified by the f luid dr i f t  

velocities, with the higher phase velocity wave having cmsid- 

erably less attenuation than the low phase velocity wave. The 

phase velocity and ming factor of both waves fs independent 

of frequency, as w a s  the case for Voe = Voi = 0, 

M y  plane wave so lu t ims  have been considered in this 

secticn The frequencies at which we perform our experiments 

m below the cutoff frequency for the mde of prapagatim 

which is found by including the effects  of the finite ascharge 

tube radius. 

propagate, a situatim which is analcgous t o  having ordinary 

Thus we have assumed that only plane waves will 
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plane sound waves in a tube whose dlmter is small canpared 

t o  the wavelength, 16 , 17,27 

2,4 Finite F b e s s w  Waves and Shock Waves 

In this section we earsider -io& pressm waves 

of fLnite amplitude and shock waves in terms of a single-fluid 

model as presented by Landau and Ufshftz in Refemce (15), 

The sound speed for  an infinitesimal amplitude sound wave, 
C2 = - ypo , is a first order solution t o  the equation fo r  sound 

O 

wave pmp%ation, Higher order solutions a m  not important 

because the small amplltude wave is attenuated by vfscous 

danping o r  thermal energy loss befom the higher order terms 

can have any effect  on its motion, 

When the amplltude is large enough it becomes necessary 

t o  Include higher order tens In the so lu t im of" the wave 

equation, 

sidering a pressure pulse of finite amplitude and width, Be- 

cause the p m s s u ~  is  greatest at the peak of the pulse, the 

speed of sound In the f luid at the posf t im of the peak is 

greater than the sound speed for elements of f luid t o  either 

side of the peak, 

more sharply peaked spatially, a pmeess which continues until 

The situation can be described physically by con- 

As a r e s u l t ,  the pulse tends t o  becane 
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a shock wave is f o m d ,  If the initial sound wave is sinu- 

soidal with a wavelength Xo and frequency oo, the shock 

f h n t s  which develop will be a distance X o  apart, U n t i l  

the tim that the shock has formed, any point an the prof i le  

of the wave w i l l  travel with a velocity u - co f: v where v 

is  the velocity of the f lu id  through which the wave is pmp- 

%atingo 

A Fourier analysis of the steepening wave w i l l  show that 

as it becomes steeper, higher Fourier camponents appear at 

fhquencies which are multiples of the fLuldamenta1 frequency woo 

If the init ial  anplitude is such that a ''weak" shock 

develops, the shock velocity i n  a perfect gas w i l l  be given 

by u = c0 + 7 ( y  + 1) V, 
1 

?he shock frmt which develops thmugh the above pmcess 

I s  in fact def'ined by a surface of discmtinuity through which 

the f lu id  pre~s-, velocity, and density disc~tinl.lous 

flrnctions of posltian, ?he thickness of this shock f'mnt is 

detelmined by the st-h of the shock, 

Another type of discmtinuity surface is known as a "weak" 

discmtinuity, 

are continuous but me or more of their spatial derivatives are 

It is characterized by the fact that  P, v, and P 
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disccntinuous or in f in i te  acmss the surface. Unlike the 

shock wave, a weak discontinuity travels with the local 

speed of sound, each point cn the wave profile propagating 

in  the same m e r  as i n  a linear wave, which resul ts  in  a 

spreading of the disccntinuity as time advances. These weak 

disccntinuities cannot develop without a stbulus external t o  

the wave such as a singular i ty  i n  the time variation of the 

f luid Now, 

A single fluid model has been cmsidemd i n  this section 

because our experimental results indicate that the ions and 

electrons are strcolgly coupled t o  the neutral atoms. In this 

case v, the drift velocity of the fluid t o  which we have 

zleferxed in the PXWAOUS ~ISCUSSICBL, is given by 

Pivoi + 'eV= + PnVm 
P i  + Pe + Pn 

2-29) v = 

Since for our experiment vm = 0 and P, >> peDi we have 

WPm-telY 
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l h i s  relatim shows that If we include a drift  velocity 

in our analysis, It can cnlg result In a slightly incI.eased 

velocity for a finite wave o r  weak shock wave which travels 

in the d b ? C t i a n  of the icn drift. 



EQUIPMENT AND DISMARGE TURF, OPEX?A'I'ION 

3.1 Introduction 

?he experimental equipmt,  Figures (3-1) and (3-21, 

consists of two systems; ane system including those cmponents 

necessary to  maintain the discharge, and the other canposed of 

apparatus used for  manitoring and recording data. The m o r  

canponents of these systems axe described i n  this chapter. 

3.2 D i s c h a r g e  Tube 

The discharge tube is comtmcted of three sections 

which are joined together by O-ring seals. 

I.D. and an anode-to-cathode length of 66 an. 

mensions are given i n  m (3-3).  

It has a 5 cm. 

Ccsnplete di- 

The cathode section contains the cathode, a f'ixed tungsten 

grid, and a port used t o  evacuate the tube and t o  admit argm 

gas. An oxide coated cathode frcm a 6011 thyratrm is used. 

These cathodes, which can emit several amperes, are suppued 

by the General Electric C a p a n y ,  The center section is a 

piece of Pyrex tubing with O-ring flanges at both ends. By 

using center sections of different lengths, the overall length 

25 
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Fig. 3-2. Photograph of 5quipment 
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3.3 Probe, G r i d s ,  and Seals 

of the discharge tube can be easily changed, 

The anode section has two 5/8 in, 0,D. Pyrex arms extending 

behind the anode which were necessitated by the type of axial ly  

mobile grid and probe employed i n  the tube, The seals at the 

ends of the arms, as well as  the grid and probe an? described 

i n  the next section, 

by ring stands and clamps. 

Support for  the discharge tube is supplied 

The Langnuir probe w a s  made by fhsing .01 in. dimeter 

tungsten wire into .125 in, pyrex tubing via a uranium glass 

seal. 

The movable and stationary grids are of identical  cmt ruc -  

A tungsten rectangular grid  of ,001 in, wires with .030 t ian,  

in ,  between adjacent wires w a s  spot welded t o  a nickel ring 

which provides circumferencial support and a means for  fastening 

the grids t o  the electrodes which hold them in  position, 

An electrode for  the fixed grid is inserted through the 

w a l l  of the discharge tube 11 cm. frcm the cathode, while the 

electrode f o r  the movable grid is fused into a piece of pyrex 

tubing like that used for the probe. 



The two pieces of .l25 in, tubing which support the probe 

and movable grid extend fkvm the discharge =ion past the 

anode and in to  the extension m of the anode section. ?here 

the tubing is fused t o  the ,375 in,  O.D. precision ground 

tubing which is the reciprocating member of the O-ring seal 

at the end of each arm, 

These two-piece O-ring seals each have two internal O-ring 

grooves, a gemtry which requlms the inside diameter of the 

seal t o  be large enough so that O-rings can be inserted with- 

out excessive difficulty;  hence the choice of .375 in. tubing. 

Since the .375 in, tubing cannot extend past the anode, the 

t o t a l  axial movement available t o  the probe and grid is the 

s e  as the distance between the anode and the seals; 28 cm. 

3.4 Vacuum System and Gas Supply 

The vacuum system ccnsists of a 2 in. air cooled o i l  

diffLlsim p w  with a water cooled baf f le ,  and a 5 cuo ft/min. 

mechanical rcugNng p q .  ?his arrangement provides a s t a t i c  

base pressure of less than 4 x lom6 torr. i n  the dischm 

tube, as measured by a cold cathode ionization gauge. When 

the probe or  gr id  are moved through their maximum displacement 

with constant but m o d e r a t e  speed the pressure of the system 

mains below loo5 torr .  and returns t o  the base pr~?ssure 
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within 30 seccnds, During a data run the probe is moved in  

2 uno increments and the mcoverg time is at m o s t  a few seconds. 

?he usual aperat- p ~ s s ~ s  of the dfSCh-8 log2 t o  

,5 torr ,  are in a range of poor accuracy fo r  the cold cathode 

i d Z a t i O n  g-8 SO 8 Pi& gaUge fS Wed t o  PmS- 

s m s  in this range. 

s q ;  the first because the P i r a n i  gauge is calibrated for  air, 

and the second because the discharge is normally run with a 

cmtinuous f low of argm through the tube, 

r e c t i m  is made by obtaining the true pressure for  argon from 

a graph supplied by the gauge manufacturer, ?he seccnd COIC 

rection is acccgnplished by running the discharge wfth and 

withcut a flow of aqpn, 

the flowlng system, the discharge tube voltage and current 

and the fVequency of the striations e recorded, 

ation fkquency is particularly sensitive t o  the pressure,) 

Measuring the press- while running the tube at the same 

k calfbratim cmpensatims an? neces- 

?he first  co- 

For a given indicated pmssm i n  

(?he stri- 

Voltage, n t ,  and s t r ia t ion  frequency with no gas flow 

then gives the corrected pmssure reading. 

The flowing system is  used t o  insure that the puri ty  of 

the gas is maintained over long time intervals. O-ring seals 

cannot be made absolutely tight, and i f  the flowing system we= 

not used the ra t io  of argapl t o  other gases within the tube 
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would decrease significantly within tims on the order of 

hours, TO ccntrol the f l o w  of argon an Edwards leak valve 

is used between the argm cylinder and the discharge tube, 

305 Power Supplies 

The anode voltage is provided by a regulated DOCo supply 

rated fo r  .5 amperes at 0=600 volts. A series cannectim of 

three 250 ohm resistors,  together with a t o t a l  of 60 mf. cap- 

acitance, provides a t o t a l  load resistance of 750 ohms plus 

RC filtering i n  addition t o  that of the power supply. 

cathode heating current, usually 11 amperes, is provided by 

a b a t t e r y e 1 . I t o r  type DOC. supply with an output of 

?he 

15 ~ R S ,  and 0-12 volts. 

A th i rd  power supply which is sometimes used t o  pmvide 

DOC, bias m the grids is rated at 015 amp, 0-500 volts, 

3.6 Phase Sensitive Detectfan System 

A lock-in amplifier ( U A )  provides a canplete phase 

sensitive detectfan system including frequency selective 

tuning and amplification in a signal and a refemnce channel, 

a mixewnodulator, a low-pass filter and detector, and output 

circuits suitable for  driving data-recording devfces. The 
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L I A  allows me t o  detect a weak sfgnal in the presence of 

strcarg background noise by amplffs l fng the  frequency canpOnents 

of the input signal which rn fhquency and phase cohemnt 

with respect t o  the reference channel signal, V a r l o u s  modes 

of aperaticxl 

f o r  this experiment W i l l  be described, 

poSSfbk, but mly the mode IlOITnally used 

A Ieference signal  of the same frequency as the modulaticn 

of the discharge tube plasma I s  applied to  the reference channel. 

?his refemce signal  can be obtained hmn the cuxmnt in the 

external circui t  when spontaneously generated disturbances are 

being studied, frcan an external oscil lator if the voltage of 

one of the grids I s  being modulated, orB for any type of mod- 

ulation, fm another grid o r  probe in the plasma, 

I s  tuned t o  this -quency and the reference signal is ampli- 

f led t o  drive the mixer-modulator, 

?he I J A  

Input si@;nals can be taken from the output of a photo- 

mltipller tube, a probe, or a transformer used t o  measure EM 

c u m n t s  in various portions of the external circui t ,  The 

fkequencies of the signal which c o r r e s p d  t o  the reference 

frequency are fi l tered and amplified i n  the signal channel 

of the L I A  before entering the mixezmodulator, whose output 

I s  at the sun and difference of' the signal and reference fb= 

quencfes. Since the diffeEnce frequency is (d-c), a 
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low-pass filter is used t o  separate the sum and difference 

frequencies, Ihe amplitude of the d-c carponent i s  converted 

t o  a voltage which can be read on a panel meter o r  used t o  

drive a chart recordero ?his output voltage is proportianal 

t o  the amplitude of the input signal at the reference f k =  

quency and to the cosine of the phase angle between the signal 

and reference waveforms; henee the term "phase sensitive de- 

tection", An adjustable phase shifter in the reference 

channel allows me t o  maximize or  minimize the cosine of the 

phase angle. 

307 Optical System 

Tne *ut signal t o  the IL IA usually canes fram the output 

of a photanultiplier tube (P,M,) which is used t o  monitor the 

Ught i n t e n s i t y  of a particular region of the discharge. 

Dumant 6467 photomultiplier tubes a~ used with a 1OK load 

res i s tor  and 1.3 KV across the tube, ?he p h o t m l t i p l i e r  can 
4 

be mounted on a grating monochmtor when it is desirable t o  

look at the light output at a particular wavelength or  can be 

mounted so as t o  monitor the to t a l  light output. In either 

case, the light is focused on the plane of the monochranator 

entrance slit by mans of the  lens and mirror system shown i n  

Figure (3-5j0 A mirror and 8 in, focal length lens am mounted 
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on a carriage which is mved parallel  t o  the axis of the dis- 

charge tube by an e lec t r ic  motor, 

lens is  an the axis of the discharge tube, P a r a l l e l  light 

emrging from the movable lens is gathered by a statfanary 

lens and focused on the plane of the entrance slit, ?his 

arrangemt keeps the light focused m the slit as the mirror 

and lens traverse the length of the tube, 

discharge contributing t o  the  light is approximately a thin 

plane perpendicular t o  the discharge tube% axis. 

entrance slit width of 50 ~ ~ C I ' O I I S ,  the width of this plane 

is less than 1 ma C a m  is taken in alignment of the mirror 

t o  insure that the  plane observed is not skewed with respect 

t o  the tube axis, 

!he focal point of the 

The region of the 

For an 

3a8 Qualitative Description of Discharge Tube Operation 

%8,1 DOC, Effects 

?he quantitative understanding of the consequences of 

inserting a grid which is biased 'to some DOC, potential into 

a gas discharge is in itself a problem of considerable com- 

plexity and is cutside the scope of this paper, The philosophy 

which was adopted with regard t o  the grids was that they are t o  

be cansidel.ed as awcilfary devices which can possibly help t o  

create conditions w f t h f i  the positive colurm which are favorable 
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t o  the study of plasma waves. ?he~.efore, we did not attempt 

a quantitative survey of the effects of the many possible 

canbinations of g r id  bias and positfan; however, certaln qual- 

i t a t i ve  effects were sought, It was hoped that praper biasing 

of the grids could incRase the ax ia l  uniformity of the plasma 

between the two grids and reduce the noise amplftude. It w a s  

also hoped that the grids would provide clearly defined bound- 

aries for  plasma wave propagatim in the tube, These hopes 

w e r e  f i l f i l l e d  t o  a limited extent as w i l l .  now be described, 

considering first the general DOC, behavior of the discharge 

with the grids present, 

t o  a discharge rurinhg with 76 volts  fram cathode t o  anode, 

500 ma, discharge current, and a pmssm of 8 x lo'* torr , ,  

but is typical of the operation within the Investigated range 

of pressure and currents,, 

l h f s  description Ipfers speclflcally 

S w u n d i n g  the cathode is the cathode glow, a region 

of moderate light in t ens i ty  which gradually diminishes with 

distance from the cathode, Another regicn of moderate in tens i ty ,  

the negative glow, begins approximately 6 t o  7 an, f'ran the 

cathode and diminishes into the Faraday dark space which ex- 

tends t o  the flxed grid 11 m, f m n  the cathode (the dimen- 

sions in this section refer t o  the tube as shown i n  Fig, (3-3)?, 

Adjacent t o  the anode side of the grid Is a region of high light 
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intensity. l h f s  region extends for about 2 cm, where it seem 

t o  becane a second Faraday dark space. 

end of the positive colmur begins about 6 cm, fYm the fixed 

grid, The first several centimeters at this end of the positive 

colurm are not uniformly intense, but at 8 to  10 an, f k m  the 

end, the uniform c o l m  begins and extends t o  the mvable grid, 

The region on the anode side of the movable grid is similar t o  

the comesponding region at the fixed grid-a few centimeters 

of high light intensity followed by a "Faraday dark space", 

and then another portion of the positive colurm whlch extends 

t o  the anode. 

?he luminous negative 

A decrease i n  pressm results fi a decrease fn the length 

of the posit ive colurm, while a decrease in  current causes a 

slight shortening of the positive colurm and a reduction of 

the light intensity in a l l  regions of the discharge. 

?he intense regions on the anode side of both grids is 

probably due t o  an acceleration of' the e l e c t m s  as they flow 

through the grids on the i r  way t o  the anode. W i t h i n  a few 

centimeters they lose their added energy by colliding with 

neutral gas atom and are then accelerated again in the dark 

space un t i l  they gain enough energy t o  excite neutral argon 

atam. &e region here this energy 1s attained is the start 

of the positive colurm, 
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When either grid is biased negatively with respect t o  

the plasma, the discharge tries to  bypass the gr id  by going 

through the space between the grid and the wall of the tube. 

Positive biasing of the grids resul ts  i n  electron c m n t  

being drawn froan the discharge, Since the cathode 1s capable 

of providing at least twice the maximum anode current (500 m a , ) ,  

the anode current mmains almost constant even when several 

hundred milliamperes m being collected by the grids. Current 

drawn by the fixed grid does not have an appreciable effect  on 

the d-c behavior of the positive c o l m ,  Increasing the c n  

rent collected by the movable grid causes inc=ased luminosity 

of the positive c o l m  an the cathock side of the grid, 

Since we observed no signif'icant advantage of operation 

with the grlds camected t o  the external c i rcui t ,  most of the 

measmmts reported i n  Chapter 4 were made with both grids 

floating and the wvable grid positicned 7 cm, from the anode. 

308,2 A.C, Effects 

When the positive c o l m  which visually appears t o  be 

steady and uniform is observed by means of the p h o t m l t i p l t e r  

tube as described i n  Section 3,7 it is  found that the light in- 

tens i ty  at any point i n  the c o l m  shows rapid variations i n  
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tirrr?, The r e g u l a r i t y  of the variation with time depends on 

whether an inductance is placed in the cathode circui t  as 

shown i n  F'igum (3-41, I?igu= (3-6) i l lus t ra tes  the phot- 

rmltiplier cutput voltage with and without the inductance i n  

the circuit ,  Our experiments show that the fundamental 

quency of the s t r ia t ions is not determined by the inductance 

o r  other external circuit  parameters, a r e su l t  which agrees 

with those of other investigators. When the inductor I s  ab- 

sent the frequency spectrum is spread more broadly about the 

flindamental and hammic fhquencies. 

?he striations are observed t o  spread spatially as they 

travel away fram the anode (Figure 3-71, This spreading, which 

is also seen i n  the Fourier analysis of Section 4-2# does not 

seem t o  have been observed in other striation experiments, 

?he voltage acmss the cathode circuit  inductance shows 

peak-to-peak variatians on the order of 10 volts. Despite this 

large voltage variation (L df/dt), it I s  known that the amount 

of current participating in  each Fourier frequency component 

is an the order of tens of microamperes, an amount which is 

very small canpared t o  the to t a l  discharge c m n t ,  which is 

at least 350 milliamperes (Hguxe 3-81, 

As the presence of the inductance did not change the 
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frequency of the strlatians, nor, y ~ l e  assume, the  propagation 

of the striations thmugh the posltivle c o l m ,  it w a s  advan- 

tageous t o  make our masummmts with the inductance in the 

circuit. The resulting regularity of the striations greatly 

sinplified the tlme synchronization of many of our masue- 

m e n t s o  



MEASUREMENTS AND RESULTS 

The measurenmts descebed in this chapter were taken 

while aperating the discharge tube with Argon gas at pressur$s 

between .02 and ,48 tom, For t h i s  range of pressures the 

fundamental frequency of oscil lation was approximately pro- 

portional t o  p-3’4. ~n incmase of the discharge current at a 

given pressure causes a decrease in the flrndamental frequency. 

!he pulses of external circui t  current associated with the 

s t r ia t ions wem a small part of the t o t a l  discharge c u m t  

(10 mapeak c a r p m d  t o  500 ma, total)(Figun? 3-71, Both of 

these observations agme with those of Donahue and Meke, 1 

Cur most ccpnplete set of data was taken at a pressure of 

,O8 to r r ,  

pressure was typical of the tube operation f o r  pllessures be- 

tween approximately ,04 and .25 t o r r o  Outside of this range 

the measuremts were made more di f f icu l t  because of an increase 

i n  the aperiodicity of the striations,  

me very regular behavior of the striations at this 

In order t o  orient the reader with respect t o  the order of 

45 
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magnitude of varlous plasma parameters we list the following 

values whlch are appropriate for our discharge tube aperating 

at a gas pressure of .08 torro 

T = 300 OK 
i # n  

I, = 2 x 10'0 an;3 N 

I, 
ui = 8.8 x 1014 secO2 L (mm) 2 3 x 10'2 an, m 

4,2 Measwmnt of the Striation Velocity and Amplitude 

Using the frequency selective properties of the L I A  en- 

abled us t o  determine that the same fbndamental and harmonic 

fmquencies w e r e  present i n  the photomltiplier and negatively 

biased Langmlr probe si@;nals as in the ac current in  the ex- 

ternal circuit, ?his allowed us t o  use the voltage across the 

cathode circuit  inductor as the Efexence signal  for  the LIA, 

?he output voltage f r a n  the photamultlplier tube or the 

movable Imgnulr p r o k  w a s  cmec ted  t o  the L I A  signal channel 
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and the Elative anplltudes of the Fourier c c m p m t s  of these 

sQpals were detemtned in the following mannero 

?he U A  was tuned t o  the fhquency of interest and the LM 

phase shifter Wusted un t i l  we obtained a maximum reading on 

the L I A  panel meter, This was equivalent t o  setting the cosine 

of the phase angle between the signal  and reference voltages 

equal t o  me; therefore the meter reading gave the amplitua of 

that Farrier ccapanent directly (In e f t r a r y  units). 

?he time delay Introduced into the Isefemnce channel by 

the phase shifter was measwd us- the circuit  of Ngum (11-1). 

An audio osci l la tor  providing a sfe;nal at the --cy t o  

which the L I A  was tuned w a s  connected to  the refemce ohannel 

of' the U A  and t o  channel B of the EPUT meter,* Channel A of 

the EPUT meter =ceived the output of the LZA reference chamel, 

'Ihe time delay In rnlcro-secmds was obtained directly f r a n  the 

EPVT mter by operating it in the ( E A )  mode. It was necessary 

t o  check the triggering level of the EPIR' meter at each fi.e- 

qwncy t o  insure that the indicated time delay agreed wlth the 

phase sNft measured by means of a UssaJous fQum which was 

displayed an an oscilloscope. ?he oscilloscope c m c t i o n  is 

* EPUT I s  an acmnym for Events Per Unit Time. 
is a versatile c h d  trig@reT cmiiter, 

An PUT meter 
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also indicated In Hgux (4-1)o 

These measurem?nts of Ennplitude and phase delay we= re- 

peated at intervals of two centfneters al- the tube axis. 

!the p h o t m l t i p l i e r  output pulses shown in FigurP (3-7) and 

F'lgure (4-6) are typical of the pulses which were analyzed, 

The rise times of these pulses e slower than the respcnse 

of the p h o t m l t i p l i e r  output circuit, 

The velocities of the striations were found by plotting 

the phase delay time versus the position almg the tube, The 

reciprocal of the slope of the msulting curve then gives the 

velocity, Plotting the LIA mter reading versus position fo r  

the fbdamntal and harmxlic fhquencies gives an lndlcat im 

of the behavior of the amplitude of each Fourier component of 

the s t r ia t ion  as the s t r ia t ion  propagates through the positive 

colulmo 

Ihe data given in this  section was taken with the photo- 

mltiplier mcnitoring the neutral argon ernissfon at 4200 ang- 

stroms (exci ta t im energy 14,50 e,v,>, A number of these same 

rneasul?ements were made with the photcmultfplier monitoring the 

t o t a l  light emfssim and with the negatively biased Lan@Jrslir 

probe nwlitoring changes in the ion saturation current, ?he 

velocit ies and llelative amplltudes of the strlations as masuEd 
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with these two different detectors m d  well with the measure- 

ments made us- the 4200 A line. ch this  basis we concluded 
0 

that the charged par t ic le  and n e u t r a l  atom motion was closely 

coupled, and that it was not necessary t o  make the measumnents 

with each of the thxee types of detection, Monitortng the 

4200 A Une was chosen In pmfemce t o  using the probe since 

there could be no question of disturbing the plasma with the 

detector,and in preference t o  monitoring the t o t a l  light out- 

0 

put because we felt that it was desirable t o  de- the source 

of light emission as well as possible, 

A set of the phase delay and amplitude curves showing the 

behavior of the f’mdamental and 3 hamonlc frequencies at a 

gas pressure of .043 torr. and a discharge current of 500 ma. 

is shown In Mgures (4-2) and (4-3). In Figure (4-2) the curves 

have arbitrary t h e  (vertical)  axis Intercepts. These curves 

are mpresentative of the quality of the data which w a s  obtained 

at other p=ssures and currents. Since the slopes of the curves 

In FQLUX? (4-2) axe not canstant, it I s  clear tha t  in this case 

the str ia t ions an? sluwlng as they mve away frorm the anode,, A t  

pressuxw above approximately .1 torr. the slopes were canstant 

over the axial distance observed. 

ation frequency and velocity for various pmssures and currents. 

A double entry for  the velocity indicates that  the slope of the 

Table (4-1) gives the stri- 
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PRESSURE: .043 TORR. 
DISCHARGE CURRENT: 500 Mo. 

0 5.75 KC/S 
A 11.5 KC/S 
A 17.2 KC/S 
e 22.7 KC/S 

8 10 I2 14 16 18 20 22 24 26 28 30 32 34 
CENTIMETERS FROM ANODE 

FIG. 4.2 TIME DELAY VERSUS DISTANCE. 

I 
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PRESSURE : ,043 TORR. 
DISCHAROE CURRENT: SO0 Ma. 

I I I 1 1 1 1 I I 1 I 1 I I 

0 5.75 KG/S 
A 11.6 KG/8 
A 17.0KWS 
0 8 t . l K G I S  

FIG. 4-3 AMPLITUDE (ARBITRARY UNITS) VERSUS DISTANCE. 
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TABIE 4-1 

STRIATION vEIxx=T?"I AND F€EQmJC'y 

,043 

,043 

. 08 
nR 
."I 

. 16 
e 16 

e 25 

25 

. 48 

500 

350 

gno 

350 

500 

350 

500 

500 

VelWty 
v x W s e c .  

10.7; 7.2 

13.0; 8-14 

3.75 

5.3 

1.29 

3@04 

1.81 
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time delay versus distance c m  was not constant, 

number represents the asymptotic value of the velocity near the 

movable grid, while the smaller number gives the asynptotic 

value at the positicn of observation mst distant from the grid. 

The larger 

Om data indicates that the velocity is nearly praportional 

as found by CoulterO1' We do not attach t o  pol instead of 

much sigpificance t o  this discmpancy since Coulter quotes an 

experiment plevious t o  his which also indicated that the velocity 

is pmportional to pol (whiddlngtm, Reference (22)). Whidd= 

Ingtm's experiment w a s  done inargcn, as was ours, while 

Coulter used nem, 

The amplitude versus distance curves i n  Figm (4-3) show 

that the amplitude of the various Burier companents do not 

decay smoothly. They do show the tendency fo r  higher hanmnics 

t o  dany> more rapidly which msults in the observed spreading of 

the pulse. In order to  obtain numbers fo r  the attenuation dis- 

tances WNch C o u l d  be C c P n p e d  With theory (in Section 5.2)) 

d r e w  the solid l ines shown super-imposed cn the curves, The 

values which wx obtained 

l i m i t  fo r  the damping length, 

only intended t o  indicate a lower 
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4.3 Measurement of E l e c t m  Tenpe rature and Density 

The w e l l  known theory of the single L a n g n i r  pmbe allows 

LIS t o  determine the electron teqera tum and density fran the 

curmnt-voltage characteristics of a collector inserted into 

the 

the slope of the curve which I s  obtained by plotting the sq- 

of the electron saturatlm current t o  the probe versus the 

probe voltage, For a cylindrical probe the square of the den- 

s i t y  is given by 

One determines the electron density by finding 

where ies is the electron saturation current and A is the su l c  

face -a of the cylindrical probe. 
P 

To detenrdne the electron temperatum, cne makes a semi- 

log plot of the e l ec tm ament versus the pmbe voltage (not 

i n  the saturation region of the probe characteristic). The 

slope of this curve should be a canstant given by 

e d(ln i,) 
4-2) '7 = - ' c m t a n t  . 

e 
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Despite the appEulent simplicity of equations (4-1) and (4-2), 

then? are 

data. Ihe two which were of most cmcern t o  us were the necessi- 

ties of taking the entin? probe curve in the absence of plasma 

oscillations and over a time interval during which the density 

and temperature remained reasonably constant. Both of these 

qufremnts were satisfied by devising the probe circuft  sham In 

Figure (4-4) whlch allowed us t o  obtain the ent i re  pmbe curve 

in a tim Interval which was small compamd t o  the period of 

the s t r la t ions,  

subtleties Involved In obtaining meaningfbl probe 

The timing is initiated by obtaining a trigger from the 

voltage acmss the cathode Inductor and using this trigger t o  

synchronize time base A, which determines the repetition rate 

at which the curves are taken, Tlm base A then supplies a 

delayed trigger t o  time base B which determines the pmbe 

voltage sweep rate, The time delay of the trlgger pulse fran 

time base A is continuously varlable. ?his allows one t o  take 

the probe curve at any time during the period of the s t r la t ion,  

The voltage raup fYm time base B goes t o  the simple cathode 

follower whlch then drives the probe circuit  shown In  Figure 

(4-4), By drlving the horizontal deflectim plates of the 

type 555 oscilloscope Wrth the probe voltage and displaying 

the probe c m n t  on the vertical axis we obtained a dimct  
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plot of the c-t-voltage characteristic, The frequency - 
sponse of the horizcntal deflectim mpllfler was the limiting 

factor in  obtaining fast probe curves froan this system,, Even 

so, the data of this section was obtained frcpn probe curves which 

were taken in  less than 20 microsecmds, 

Figure (4-5) shows two probe curves together with the 

photomultiplier output,, In each case the photonultipller was 

monitoring the plasma at the position of the probe, The in- 

tensified region of the photomltipller trace is the actual 

t o t a l  sweep time for  the pmbe voltage, but only for  about the 

last 15 microseconds of this sweep time does the probe collect 

e l e c t m  current. 

Probe curves were taken Inmediately after a s t r ia t ion  had 

passed the probe and several microseconds befox  a s t r ia t ion  

arrived at the probe, The E s u l t s  of these measmmnts for  

various currents and positions i n  the ,O8 torr ,  discharge m 

given i n  Table (4-2) 

of ,043 torr.  and .16 torr. t o  indicate that the electron den- 

s i t y  and t e m p e r a t w  was not stxmgly dependent on the pressure. 

For all  of the data pmsented i n  Table (4-2) the curves which 

were analyzed according t o  equatim ( 4 4 )  and (4-2) displayed 

quite linear slopes which implies that the e l e c t m  energies 

s m  data is also given for pressws 
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were closely described by the BoltPnann distribution flnnctim. 3 

The data of Table (4-2) shows that them is a sigpificant 

incmase i n  the density and temperature of the electrons ass01 

ciated with the ream of enhanced light emissim. !he density 

changes by a factor of approximately five as the 1-w re= 

gion passes the probe, a factor which is  i n  very good agreemnt 
with the micruwave measmmnts of Sodan&y. 11 

There we= certain positions between s t r ia t ions at which 

reasonable probe curves could not be obtained. The reason for  

this is not ccanpletely understood, but we suspect that it in- 

dicates that the= are small regions over which the electron 

density, temperature, and/or plasma potential m changing 

rapidly. The leading edge of the s t r ia t ion  is  me of these 

mgim.  

4.4 Qualitative Observations of the Effects of Applying an 

Audio Freq uency Signal t o  the Fixed Grid 

When an audio osci l la tor  and cathode follower we= used t o  

drive the fixed grid, two effects were observed which were not 

pursued i n  detail but which seem interesting enough t o  warrant 

the i r  description i n  this sectim. 
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?he first of these effects was observed when the inductor 

w a s  used i n  the cathode circui t  and the naturally occurring 

striatims were thus very regular with a well-defined f'unda- 

mental tkquency. If a variable fYequency signal of approx- 

imately 20 volts peak-to-peak was applied t o  the fixed grid, 

the frequency of the striations becam the sam as that of 

the applied signal  as lag as the applled fYquency was not 

mom than approximately twlce the natural fbndamental frequency. 

When the applied fhquency exceeded this limit the stri- 

ations reverted t o  their natural f'requency and only a small 

amount of the gr id  signal  was seen superimposed m t n i s  funda- 

mental frequency. 

The second effect  w a s  observed with the cathode connected 

directly t o  ground, 

on the signal fmn the audio oscil lator which was operating at 

the natural frvquency of the strlaticm. The period of the 

s q u m  wave modulation w a s  approximately 6-7 times longer than 

that of the carr ier  f7equency. A negatively biased Larr@Jruir 

pmbe was used t o  observe the effect of this grid drive on the 

P~aSma. 

mare wave (on-off) modulatim was imposed 

The signal seen by the probe and the c u m t  flowing in to  

the grid are shown in Figurn (4'6)* It can be seen that the 



Upper Trace: Drivbg C m n t  t o  Grid 
Vertical: 20 d d i v  
Horizontal: 100 &div 

Lower Trace: Probe Current 
Vertical: 10 mddiv 
IIorizcntal: 100 sls/div 

Upper and lower traces triggered simltaneously 
Probe 24.5 cm, f’ran grid 
Pressure: ,043 Torr. 
Discharge Current: 500 ma. 

Fig. 4-6. Driven Grid and Probe Signals 
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effect of the gr id  signal is t o  synchronize the s t r ia t icns  in 

the plasma for a time duration equal t o  the "cn" time of the 

modulation. Ihe time interval between the start of the grid 

drive and the appearance of the s i g n a l  at the probe was a dirc 

ect functim of the positicn of the probe mlat ive  t o  the grid. 

By observing the probe signal as the probe was slowly moved 

fran the gr id  t o  the anode we ascertained tha t  the envelope 

of the s w a l  reached the pmbe at  a later time as the probe 

was moved away fran the grid; thus the signal was traveling 

fmn grid t o  anode. However, we also observed tha t  the indiv- 

idual synchronized s t r ia t ions inside of the envelupe we= 

moving i n  the apposite diEction, iae., fromthe anode toward 

the cathode. Themfom this phenomnon qualitively displayed 

the featms of a backward wave-a group velocity directed 

toward the anode and a phase velocity in the opposite dixection. 



DISCUSSION OF THE RELATION OF "E m A L  DATA 'El ?HE 

'IKEOFUES OF PLAsMA-ACOUS!l3C WAVE PROPAGATION 
, 

5 Q 1  Introduction 

The data of Wter 4 whlch could be c q w d  with that 

of other investigators has shown that the striations which we 

observed were qualitatively and quantitatively similar t o  stri- 

ations described in  other papers, with the exception of sane 

!Esc-r?3p%rKies nf CpeStiF-ahle lInp?t;ulce. 

In  this chapter we w i l l  discuss the question of a possible 

n?lationship between the propagation of the striations and 

plasma-acoustic waves. 

The pmbe data of Section (4Q5) indicates that the electron 

density varies by as much as a factor of five durlng the period 

of the s t r ia t ion  and that the electran tenperam may vary by 

a factor of two. Variations o f t h i s  magnitude introduce nan- 

linear terms in to  the equaticns describing the motim of the 

charged particles and imply that inelastic processes are occur- 

ring which have not been included in  the ini t ia l  equations. 

Nonetheless, it is conceivable that the low fhquency behavior 

65 
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Ne of cur weakly ionized discharge (- mlght not depart 
Nn 

significantly from that predicted by a linear theory because 

of the predaninanee of the neutral fluid. 

A direct ccxqmrlson of the velocities and anplitudes 

given in Chapter 4 t o  the theolletica requirements of non- 

linear and linear theories of plasma-acoustic wave propagation 

w i l l  demtra te  that nom of these theories adequately des- 

cribe the pmpagatim of the striations. 

5.2 c ~ a . l d S O n  O f  EXpe rimental Data with Plasma-Acoustic Wave 

Theory 

Let us Mrst  coslsider the magnitudes of the striatims' 

velocities. The Nghest velocities were observed at low pres- 

s m s o  As the pressure was incEased the velocity decreased to  

be- the adiabatic sound speed of the neut ra l  f luid (3.23 x lo4 
crn,sec,-l), This behavior was not unique t o  our experiment; for 

example, most of the velocities reported i n  RefeRnce (1) at 

prwsures of I2 t o r ro  we= below the neutral sound speed. We 

assume that the physical processes responsible for  the propa- 

gatim of the striations do not depend upon wfiether the veloc- 

ities are superc or  subsonic since the transition apparently 

occurs smoothly as the pressm is increased. ?his assupt ion 
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I 

requires that the theoretical explanatim of the striations be 

vaUd for  velocities above or  below the neutral sound speed. 

In Chapter 2 we stated that experimental evidence (see 

Secticn 4,2) indicated a close coupling of the thn?e klnds of 

particles and that this coupling justified the use of a single- 

fluid model for  investigating nm-llnear behavior. 

absence of any d r i f t  velocities, all of the non-linear waves 

described in Chapter 2 had velocities at least as great a s  the 

local speed of sound, We also demonstrated that i f  the wave 

propagates in the direction of the ion drift, as it is  ob- 

served t o  propagate i n  our experiment, then the inclusion of 

drift velocities in the o n e f l u i d  model can only incl.ease the 

non-linear wave velocities which a~ observed i n  the stationary 

frame of refexnce, These facts lead us t o  the ccnclusion that 

the observatim of subsonic velocities of propagation for  stri- 

ations which do not differ in  any other way flwn st r ia t ions 

with supersonic velocities is contrary t o  all -fluid ncn- 

linear theories of plasma-acoustic wave propagation, 

In the 

The linear mrlti-fluid theory i s  not restricted by a lower 

l i m i t  m the possible phase velocity, Equation (2-20) shows 

that a wave soluticn exists that gives a phase velocity 
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m 
5-11 VpH = 02 v ( v  (e, 1 n i n + " e n  m i 

This phase velocity results from finding the very low f2e- 

quency and low percentage of ionhatian U t  of 

5-2 1 

theEfo*# it  Was the phase velocity and damp- length p m  

dicted by this equation which we attanpted t o  match t o  the 

experimntal data, 

particle densities and temperatures as input data, first cal- 

culated the values of the collision flequencies, sound speeds, 

and plasma kequencies, and then solved equation (5-2) for  

the phase velocity and damping length as evaluated functions 

A cunputer program was written which, with 

of fmquency. Expmssims for  classical e las t ic  collisions 

we= used t o  evaluate the collision f'mquencies. With the 

assmpticn that Te >> Ti,.,, the collision fnquencies for  un- 

Hke charged particles varies as Te O 3 l 2  and the charged particle- 

neutral atom c o l u s i m  m u e n c i e s  vary as (T )1'20 
De 
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The experlmwrtal results which most closely matched 

equation (5-2) came frnm data taken with a pxessure of ,043 

torr ,  and 500 milllampexes discharge c-to 

versus distance and Ewplltude versus distance for  this case 

(Graphs of time 

Well3 &Ven h Section 4,2), 

M@m (5-1) shows the measured phase velocity and phase 

velocities calculated fran equation (5-2) as ftmctiops of fm- 

quency, ?he constant value given for  the measured phase velo- 

c i ty  is that which was obtained in the mgim toward the anode 

end of the positive colm and thus I.epresents a maximrm value 

at this pressure and c m n t  (Section 4.2) * 

phase velocity obtalned firm equation (5-2) by using the 

Curve A is the 

I 

electron temperature 

~m.'~, nreasured wlth 

c i ty  calculated fran 

velocity, we set the 

and density, l o 8 6  x lo4  OK and 1.3 x 10" 

the probe, Since the phase vel- 

this data was m e r  than the observed 

measured value equal t o  
Ym 1 

'2 and 
J. 

obtained the value of 6.46 x l o 3  O K  for  Te0 

value of Te in to  equation (5-2) resulted i n  the curve labeled 

B In Figure (5-1) 

(5-2) showed a variation of phase velocity with fhquency, but 

the experimental data indicated a constant phase velocity. 

Inserting this 

Both of the curves calculated from equation 

In (5-2)  we ccinpam the damping length predicted by 
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equation (5-2) with the experimental curveo As we stated i n  

Section 4,2, the experimental danping lengths should mly be 

interpreted as lower limits for the actual damping length. 

Nevertheless, we see In Figure (5-2) that equation (5-2) pre- 

dicts mch heavier clanping than we have observed, Ihe predicted 

damping also shows very little change with frequency i n  the 

range of the experimental f'requencies. 

We also t r ied  t o  obtain a better match between theory and 

experiment by adjusting the values of collision frequency and 

electron density. None of these attempts were successful. 

We eqhasize that the curves of Fi-s (5-1) and (5-2) 

represent the best match which we we= able t o  obtain betvieen 

the l lnear theory and the experiment. The situation pmgres3 

sively deteriorated as we cmsideEd data taken at higher 

p l . e s s ~ s  0 

- 

The discrepancies between the linear theory and the  data 

are not =solved by a consideration of f lu id  drift velocities, 

For our experiment we expect V-, 4 l o 4  cm,sec.'l ,21 which mans 
VI 

voi that the ra t io  (r) 5 .1 Thus Voi can have 

the observed drift velocity o r  attenuation, as 

r d  

P 

voi i n  equations (2-27a) and (2-27b). 
P 

l i t t le  effect an 

shown by letting 
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DE llesults of this section indicate that the movanent 

of the striations through the positive colum is not adequately 

explained by either a -fluid n m l l n e a r  theory nor a tw 

f luid llnear theory of plasma-acoustic wave propagation, 



6.1 s w  

Experiments were p e r f o m  in a hobcathode glow discharge 

whlch allowed us t o  determine the velocity, amplitude, funda- 

mental fYequency, and other parameters of the moving striations 

Which o C C W  Mturally in this type Of discharge. A C-ar l sOn 

of these parameters Vath those given for  similar experiments 

performed by other investlgators at higher gas pxessuxes j,n- 

dicated that the phenamncn we observed was not unique t o  the 

gemtry or aperating conditions of our discharge tube but w a s  

a m s u l t  of the same physical processes operative at the higher 

pressures. 

The low velocities of propagation of the s t r ia t ions at 

scm pl.essures was  shown t o  be incanpatible with nm-llnear 

plasma-acoustic wave theories derived f’ran a ane-flUid.mode1. 

The inclusion of drift velocities i n  the onefluid model did 

not change this conclusion, 

The solutions t o  our linear multi-fluid theory of lcngi- 

tudlnal wave pmpagation in a partially ionized gas included 
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the dispersim relation for  a wave which is able t o  propagate 

with a very low phase velocity. l h i s  dispersion relation was 

evaluated by a conputer for  the plasma parameters descriptive 

of our discharge tube, 

It was not possible t o  f i n d  a correspondence between the 

ccmputer results and our experimental results. 

the values of c o l l i s i m  frequencies, plasma frequencies, o r  

d r i f t  velocities w a s  not sufficient t o   solve the discrepancies. 

AdJustment of 

On the basis of the failm of both the non-linear and 

theories t o  cornspond t o  the observed behavior of 

the s t r ia t ions we cmcluded that them is no relation between 

the s t r ia t ions and plasma-acoustic wave theory, a mlationship 

that has been suggested o r  assured by various investigators 

since 1930. 

6.2 SuffRestions for  Future Work 

The failure of plasma-acoustic wave theories in explaining 

the behavior of the striations, plus the observations by 

Sodanskyll and ourselves of five hundred percent variations in 

the electron density, strongly indicates that the correct ex- 

planation of this phenanencn might be offeEd by imizat ion 

wave theories such as those of Refellences (4) and (5). However, 
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given the present state of develapme3lt of such theories, it 

is doubthl  that they can be conpaxed t o  experimental data In 

a meaningful manner. 

There is at least one experiment similar t o  the me re- 

ported in this paper which should be performed, 

with fmquencies an the order of kilocycles per secmd and 

velocities of approximately lo6 centimeters per secmd have 

been observed i n  the steady-state plasma beam produced by 

mflex-discharge plasma sources,23 ‘&rough the use of the 

techniques reported i n  this paper and the soluticns to  the 

multi-fluid llnear theory of Tanenbaum and Meskan,19 it should 

be possible t o  determine whether that phencmenm is of the same 

M- as the s t r ia t ians  i n  glow discharges or  if they are n s  

lated t o  plasma-acoustic waves, If they do repmsent plasma 

waves, the reflex-discharge wil l  prove t o  be a most useflll 

high-electran-tenperature device f o r  the study of wave phen- 

omena under steady-state ccnditians, 

Disturbances 



A , 1  Dispersion Blations fo r  hngi tudinal Waves i n  a Pa r t ly  

I m b e d  Gas1’ 

It is assurned that the follcwing statements are valid 

f o r  the plasma mdium which we a~ considering: 

1, Unbounded space, 

2, No extemal magnetic f ie ld  perpendicular t o  the 

directla? of wave propagation, 

A fixed percentage of ionizatia?, 

Three Mnds of particles; ions, electrons, and 

neutral ataus, 

Particle densities a t  which the continuum fluid 

equatlons are valid, 

3., 

4, 

5, 

Ttae derivation of the mimplLfied dispersion equation 

is similar t o  the procedure of Tanenbaum and Mintzer, 25 

Letting tk subscript a denote the electron, ion, or  neutral 

fluids, we ini t ia l ly  write the following equations f o r  each 

fluid : 
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A-1) Conservatian of lunober density, 

2 
DN 

+ Na 0 0 Va = 0 @ 

A-2) Conservation of manentum, 

A-3) Conservation of energy (adiabatic energy law)c 

Pa NaoY = const, 

A-4) Ideal gas equation of state, 

P a =NaKTa 



, 

79 

V 0 E \ = L N q  a a  
0 0  

8 

where 

A-6) pa P N m a a  

A-7) vas Effective coll lsicn frequency for manentun transfer. 

Pava@ f PguBa i a # 

We next assume that a plane wave solution exists and that 

the variables a~ given by 

A-8) N = No, + nae i(kx - u t )  
a 

a i(kx - ut) Va = Voa + vae 

i(kx - u t )  P = P + Pae a oa 

a i(kx- crlt) E = Eae a 
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- i (kx  - u t ) ,  B = Bae a 

These variables are inserted in to  e q u a t i m  (A-1) through 

(A+), and the resulting set of equations is solved f o r  d, and 

linearized, The llnearizaticn is  achieved by discarding all 

non-linear space and tim dependent terms, 

The msulting linearized set of equations can be written, 

in matrix notation, 

3L 

where A is a thxee-by-three matrix and 3 is a column, o r  

vector, matrix. ?he existence of nm-trivial  solutians fo r  

d requiEs that the determinant of the coefficient matrix A 

a 

- - 
a 

be equal t o  zero; 

Condition (A-10) gives an algebraic equation of the form 

A-11) A(w)k6 + B(w)k4 + C(w)k2 + D ( w )  3 0 
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i n  which the coefficients A, B, CD and D are ccsaplicated 

fLmctions of Wquency, collision frequencies, plasma fke- 

quencies, and sound speeds, 

Tanenbaum and Mhtzer dealt with equation (A-11) by 

seeking solutions for  k2 which were approximately valid for 

particular ranges of w 0  Moreover their analysis a s s w s  

approximately equal temperatures for all constituents. 

We use a different kind of approximatim t o  find sol- 

ut ions of equation (A-11) which are valid over a wide range 

zf ** -nl-nd-n ”%------- j 

have variables which lie within the ranges 

Man! plasmas produced i n  the laboratory 

Using these inequalities we f i n d  that the following inequal- 

ities e valid: 



The t e r n  i n  (A-13) are defied by 

A-14) va 5 vaB + va6; a # B , 6 ;  S Z S  

In order t o  determine the inequalities (A-13) w e  use the 

following expressions f o r  the collision fkcpencies for  m n t u m  

transfer 26 (we assumed Ti 6 TnB mn = mi): 

v en = v< Nn [3] 1'2 



. 
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me = 3  Te )'3/2N 
e v = - (6,1 x 10 )(m ie mi 

mi Ni) 
'ei = e e  

These colllsicol frequencies are related to t k K  actual 

n&r of colllsians per mit time, vkB, by 

rn v' - 8 US 

a 
A=16) - , 

Us- the inequalities (A-13) reduced the coefficients In 

eq=tl.Cn (A-11) t o  
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p*% 

piu; 

- i W 2 W U  (1 t -)) i n  

The cnly tern which causes any di f f icu l ty  is the factor 

For a gas which is ionized sufficiently so that 

we Mnd the t h m e  mots  t o  equation (A-11) 

A-20) k2Ui u2 + iuvn 



. 
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I l--+i(-a;----- "i + "n u2 i 'n) 
u2 u3 

m 
ut  = vn + Uh i uen(-)o e 

9 

Equations (A-19) through (A-21) are valid soluticsls t o  

uie (For u = u we use a i equation (A-11) except f o r  u 

sep=.mte analysis, which begins with the unsimplifled equatim 

( A - l l ) ,  and find no mmmnces at loi). Physically , we expect 

that the upper f'requency llmits for the validity of solutions 

(A-19) through (A-21) will be those frequencies for which the 

initial continuum equations, ( A d )  thzmgh (A-41, are no lager 

valid, 

For the case of a weakly ionized gas whelle 

A-22)  NnTn .t NeTe 

'nu: 

PIu; 
we find that the term - does not affect the validity of 

S O l U t i C n S  (A-19) throu@;h (A-21) provided 



I 
1 .  a6 

m 

(For densities and teqmratures typlcal of our experiment, 
m 

we found that v:I2(vln + ven($))1/2 was often on the order of 
J. 

a few h u n e d  cycles per secmd). 

If inequality (A-23) is not satisfied, one must use other 

mthods t o  detenrdne the c o m c t  mots  of equation (A-11). The 

three roots which are approximately correct for  w + 0 are found 

IuCU$ - Uil 
A-24) k2U$ a w2[1 + V 1 

P --UT 
'n 
n 4  



Equation (A-24) =presents an acoustic wave for which the 

ions, electrum, and neutral flulds are tightly coupled. 

A heavily damped ion wave is described by equation (A-26). 

A-27a) k2Ui 4 i w un 

whlch is a heavily damped neutral wave. 

m 
A-27b) k2U2 i w(ub + u (A)) 

P *mi 

18 which is the expEssim found by Hatta and %to. 
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